Abstract. Shape measurements and strain distribution measurements are important for analyzing the behavior of a rotating tire. Recently, a twodimensional phase analysis method using phase-shifting moiré patterns, which are generated computationally from a two-dimensional grating image, was proposed. This method is well suited to the dynamic shape and strain measurement because the phase can be accurately obtained from a two-dimensional grating image. We show that it is possible to analyze the strain distribution and shape measurements of a moving object using a grating pattern attached to the surface of the specimen, and a dynamic shape and strain measurement system using the sampling moiré method is developed in this paper. The principle of the method and the experimental results of the method when applied to a rotating object are shown.
Introduction
Shape measurements and strain distribution measurements are important in analyzing the behavior of a rotating object. The results can be applied to the computational analysis. The stereoscopic method is often used for measuring threedimensional (3D) coordinates on the surface of an object. The 3D coordinates are obtained from two images of an object recorded from different directions by two cameras. It is important to accurately locate the corresponding points between the two images, and in particular the accuracy of the 3D coordinates is important when using the coordinates to analyze strain distribution before and after deformation of the object.
As a conventional method, digital image correlation is a well-known method used to find corresponding points between two images using random patterns. 1, 2 This method is when measuring displacement and strain distributions. In the case of a rotating tire, measurement methods using Fourier transform have been proposed. [3] [4] [5] These measurement methods have some problems, including the time required for analysis and measurement accuracy.
A spatial fringe analysis method using a sampling technique was proposed by Arai et al. 6, 7 The method is used to analyze the phase distribution of phase-shifted moiré images which are produced computationally from a grating image. The method is useful and accurate. It is often used for electronic speckle pattern interferometry. [8] [9] [10] We applied this method to analyze a two-dimensional (2D) grating image. This method, called a sampling moiré method, was also applied to analyze a deformation measurement. 11 The principle of the phase analysis method for one-dimensional grating is essentially the same as the spatial fringe analysis method using a sampling technique. The sampling moiré method applied for a 2D grating image can be used to find 0091-3286/2011/$25.00 C 2011 SPIE corresponding points between two highly accurate images using regular 2D grating patterns.
The high accuracy of this method is due to the analysis of the phase of the grating pattern using a phase-shifting method with 2D averaging for different grating pitches. The phaseshifting method can be performed with phase-shifted moiré patterns generated computationally from a one-shot grating image. Therefore, this method is suitable for shape and strain distribution measurements of a dynamic 3D object such as a rotating tire.
In this paper, we developed a dynamic shape and strain measurement system for experimental testing using the sampling moiré method. First, experimental results of the strain measurement of a stretched rubber belt are shown to confirm the accuracy of strain measurements with this method. Second, the experimental results of measuring the shape and strain of a rotating tire are shown.
Principle of Sampling Moiré Method

Spatial Fringe Analysis Method Using a
Sampling Technique The principle of the phase analysis method for onedimensional grating in a sampling moiré method is essentially the same as the spatial fringe analysis method using a sampling technique. 6, 7 In the sampling moiré method, a specimen grating pattern placed on an object is recorded by a digital camera. Though the digitized image only shows the grating, a moiré fringe pattern appears by thinning out the pixels; that is, by sampling the image with a constant pixel pitch. Figure 1 illustrates the appearance of moiré fringe patterns by the sampling moiré method. In Fig. 1 , only three horizontal lines are shown. Figure 1(a) shows the deformed grating pattern attached to the specimen. The pitch of the grating in Fig. 1 is 1 .125 times larger than that of the sampling points. The recorded image is shown in Fig. 1(b) , in which no moiré fringe pattern can be discerned. shows the moiré fringe patterns when the recorded image is sampled at every Nth pixel (in Fig. 1 , N = 4) The four images in Fig. 1 (c) are obtained by using the first, second, third, and fourth pixels of Fig. 1(b) as the sampling start point, respectively. This process corresponds to the phase-shifting of the fringe pattern. The sampled images shown in Fig. 1(c) are interpolated using neighboring data. Then, the four phaseshifted moiré images shown in Fig. 1(d) are obtained from a single picture in Fig. 1(b) .
The kth phase-shifted images can be expressed approximately as follows:
Here, a(i,j) represents the amplitude of the grating intensity, b(i,j) represents the background intensity, and θ (i,j) is the initial phase value. The phase distribution of the moiré pattern can be obtained by the discrete Fourier transform algorithm using Eq. (2) as follows:
The phase θ m of the moiré pattern is defined as the difference between the grating phase θ g and the phase θ r of the reference grating (i.e., the sampling phase) as follows:
Here, Wrap is the phase wrapping function defined in Eq. (4).
. (4) The grating phase θ g can be obtained as follows: Figure 2 shows an x-dimensional phase analysis using the sampling moiré method. Figure 2 (a) shows the 2D grating pattern image captured by a CCD camera. Figure 2 (b) shows a grating image obtained after the y-dimensional smoothing process with two times the sampling pitch. The x-dimensional phase distribution can be analyzed because the 2D grating is transformed into a 1D grating pattern image. Fig. 2(a) . Figure 2(g) shows the x-directional unwrapped phase distribution. In the same process, the y-dimensional unwrapped phase distribution can be obtained. Figure 3 shows a schema of the arrangement of cameras, reference planes, and an object. Both the left and right CCD cameras capture the reference planes and the object. In this method, 3D coordinates corresponding to each pixel of the camera are obtained with two reference planes for calibration.
Phase Analysis of 2D Grating Patterns
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Principle of Shape and Strain Measurements 3.1 Calibration With Two Reference Planes
A liquid crystal display is used as the reference plane. The reference plane is placed at two positions, R 0 and R 1 . The reference plane can display grating patterns in the x-and y-directions with shifting phases. An initial phase for the grating patterns corresponding to each pixel of both cameras can be obtained accurately with a phase-shifting method. The unwrapped phases for the x and y directions (φ nx , φ ny ) (n = 0, 1) are also obtained, with an unwrapping process, at each corresponding pixel of both cameras.
The 3D coordinates (x, y, z) of a point on the reference plane are calculated from the x directional grating pitch p x , the y-directional grating pitch p y, and the z position of the reference plane z n (n = 0, 1), as shown in Eq. (5).
Here p x and p y are grating pitches for the x-and y-directions, respectively, and (x 0 , y 0 ) are the coordinates at the point where (φ nx , φ ny ) = (0, 0). 3D coordinates at a point on the reference plane where the pixel records an image are known for every pixel from each camera. A pixel from each camera has two corresponding points on the two reference planes. A line can be obtained by connecting the two points; that is, a line corresponding to each pixel of each camera can be determined from the results of the calibration method.
Shape and Strain Distribution Measurements
An object is placed between two reference planes, and the 2D grating attached to the object is captured by the same set of CCD cameras. Line l 1 passes through point S on the object as recorded by CCD camera 1 and line l 2 also passes through point S on the object as recorded by CCD camera 2. Line l 1 is the line of sight of a pixel from CCD camera 1 and line l 2 is the line of sight of a pixel from CCD camera 2. Points C lb and C lf are the intersections of line l 1 with reference planes R 0 and R 1 , respectively. Points C rb and C rf are the intersections of line l 2 with reference planes R 0 and R 1 , respectively. The positions of reference planes R 0 and R 1 are z = 0 and z = z, respectively. An expression for the straight line l 1 and the straight line l 2 can be obtained from each point C lb , C lf , C rb, , and C rf . The 3D coordinates of point S are obtained as the intersection of the two lines l 1 and l 2 .
Strain can be calculated from the 3D coordinates of two points, both before and after deformation. Figure 4 shows the relationship between the 2D grating on an object and the recorded images taken by the left and right cameras. Let us explain how to find corresponding points on the two cameras. Every grating line in the x-and y-directions has a line number in each direction, and every intersection has its own address, such as (i, j), composed of the x-and y-directional line numbers i and j, respectively. These line numbers increase or decrease sequentially on the surface of the object. Therefore, we are able to sequentially number every grating line on the images. The point on the image whose address is (i, j) is the corresponding point on the surface of the object whose address is (i, j). Accordingly, correspondence between the image and the object is obtained by matching the x-and y-directional line numbers on the images. Figure 5 shows the relationship between the 2D grating on the object and the phase analyzed image of the x-and y-directions. The corresponding points are found from the unwrapped phases (φ x , φ y ). Figure 6 shows an experimental setup for the shape measurement. In this experiment, the accuracy of the shape measurement of the proposed method is confirmed. A trapezoidal object shown in Fig. 7 , is placed between reference planes R 0 and R 1, as shown in Fig. 6 . The 2D grating sheet with 2 mm pitches is attached to the specimen as shown in Fig. 7(a) . The distance between two cameras is 550 mm. The distance between the reference plane R 0 and the two cameras is 1350 mm. The distance between the reference planes R 0 and R 1 is 100 mm. The height of the trapezoidal part is 10.00 mm. Figure 8 shows the result for the shape measurement of the trapezoidal object. Figure 8 shows the contour height distribution along a center position of the trapezoidal object.
Finding Corresponding Points
Experiments and Results
Shape Measurement of a Trapezoidal Object
The height difference between area A and B is 10.02 mm. The height difference between area B and C is 10.05 mm. The standard deviations of the height values in areas A, B, and C are 0.028, 0.032, and 0.030 mm, respectively. Figure 9 shows an experimental setup for a tension test of a stretched rubber belt. In this experiment, the accuracy of the proposed method is confirmed. A rubber plate measuring 25 × 110 × 1 mm is placed on a tensile testing machine. The pitch of the 2D grating attached to the specimen is 1.0 mm. Figure 10 (a) shows an image of the specimen taken by CCD camera 1 in its initial state. The tensile testing machine statically stretches the specimen. Figures 10(b)-10(d) show the specimen stretched 5, 10, and 15 mm, respectively, in the y-direction. In this experiment, it was confirmed that this method could be used for the strain measurement of largely deformed objects in materials such as rubber. 
Strain Measurement of a Stretched Rubber Belt
Shape and Strain Measurements of a Rotating
Tire Figure 12 shows the experimental setup. A rotating object is set on a flat belt cornering machine. This test machine can control the rotational speed and the load on the axis. The movement of the flat belt produces the rotation of the object. The rotating object has a 2D grating on its surface, which is a thin rubber sheet. In this experiment, the 2D grating has a 2.0 mm pitch and is printed on the surface of the object, which in this experiment is a tire.
In this experiment, the tire is rotated at 80-km/h (circumferential velocity). Images of the grating are captured by CCD cameras 1 and 2. A trigger signal is produced by a trigger sensor placed behind the object, which detects a white mark attached to the object. CCD cameras 1 and 2 take images simultaneously when the rotating tire triggers the sensor.
The grating image recorded by CCD camera 1 is shown in Fig. 13(a) . The phase distribution of the moiré fringe pattern analyzed by the sampling moiré method is shown in Fig. 10(b) . The phase distribution of the grating shown in Fig. 13(c) is obtained by using Eq. (1). By unwrapping the phase distribution, the phase distribution is obtained as shown in Fig. 13(d) . The image recorded by the right camera is analyzed using the same process. Figure 14 shows the measurement results of the 3D shape. Figures 15(a)-15(c) show the results of the measured strain distributions in the x-and y-directions and the shear strain, respectively. In this case, the measured shape when the axis load is 0 is used as the initial shape.
Conclusion
In this paper, we developed a shape and strain measurement system using the sampling moiré method for a dynamic moving object such as a tire. First, the accuracy of the shape measurement of the proposed method was confirmed by performing an experiment of a shape measurement of the trapezoidal object. Furthermore, the effectiveness of the strain measurements using this method was also confirmed with an experiment involving a tensile test of a rubber plate. Second, the experimental results of measuring the shape and strain of a rotating tire are shown. As shown, the 3D shape and strain distribution of a tire rotating at 80 km/h can be accurately measured with this method.
Motoharu Fujigaki received his BE and ME degrees in mechanical engineering from Osaka University in 1990 and 1992, respectively. He received his doctoral degree from Osaka University in 2001. He worked at NABCO Ltd. from 1992 to 1995. He relocated to Wakayama University in 1995. Currently, he is an associate professor in the Department of Opto-Mechatronics, Faculty of Systems Engineering, Wakayama University. He is interested in optical metrology using image processing, especially shape and deformation measurement using gating projection method and small displacement measurement using laser interferometry. He is a chairperson of the whole-space measurement and inspection consortium. He is a member of SPIE, SEM, OSA, JSEM, JSME, JSNDI, and JSPE.
Kosuke Shimo received his bachelor's degrees in systems engineering from Wakayama University in 2009. Currently, he is a graduate student of Systems Engineering (masters course), Wakayama University. His research interests are shape measurement, strain distribution measurement, and image processing. He is a member of JSEM and JSNDI.
Optical Engineering
October 2011/Vol. 50(10) 101506-7
